This paper combines engineering and social science approaches to enhance our understanding of industrial energy efficiency and broaden our perspective on policy making in Europe. Sustainable development demands new strategies, 
Introduction
Global warming resulting from the use of fossil fuels is said to threaten the environment, and industrial energy efficiency is one of the most important ways to reduce this threat, as industry together with transportation is the highest energy-using sector in the world [1] [2] . Approximately 30% of energy used in the EU-25 countries is related to industry. However, even in the most -technology optimistic‖ perspective, industrial energy use is projected to increase within 50 years [3] . How and when energy is used in industry determines society's ability to create long-term sustainable energy systems.
Generally, the end-users are also ultimately the ones who must pay for transforming or adapting the energy systems, which increases their importance as a key component of the system. However, shifting energy systems toward greater sustainability sometimes requires users to -transform‖ their behavior, values, and routines to conserve energy. This transformation can be facilitated by policy means and government initiatives such as taxation, standards, subsidies, information campaigns, and energy guidance. EU and national governments aim, in various ways, to influence industrial energy use towards increased efficiency, and in this paper we discuss the premises on which industrial energy efficiency is based and on which government policy instruments are generally based and designed.
A number of previous studies have been conducted in the area of energy supply [3] [4] [5] [6] , energy end-use [7] , metering, planning and modeling [1, 4, 8, 9] .
However, numerous studies of energy efficiency potential state that costeffective energy efficiency technologies in industry often go unimplemented, due to various barriers. Previous studies have discussed the potential for industrial energy efficiency and the reasons why many energy efficiency measures are never implemented [4] . Explanations as to why companies do not adopt such measures include low present energy costs, lack of information, procedures and routines that do not favor energy efficiency, short-term payback rules, lack of funds, and energy costs comprising a relatively small part of company turnover [5, 6, 10] . At the same time, industrial energy efficiency can be expected to be shaped by social and commercial processes and built on knowledge, routines, institutions, and methods established in networks [7] . In this paper, we analyze industrial energy efficiency from a socio-technical perspective and discuss energy efficiency measures and behavior as negotiated in networks. This paper combines engineering and social science approaches to enhance our understanding of industrial energy efficiency and thus broaden our perspective on related policy making in Europe. Sustainable development demands new strategies, solutions, and policy-making approaches. One way to develop new strategies for industrial energy efficiency entails comparing different sectors and the practices established in them. Via this comparison, we can identify and visualize new opportunities and methods applicable in different sectors. The paper is unique in this way as, to the best of the authors' knowledge, no such approach has been used before. The focus is on improving energy efficiency in non-energy-intensive and small and medium-sized enterprises (SMEs), this due to extensive empirical studies on barriers, which gives a good starting point for discussing how to cross pollinate social and engineering sciences.
It should be noted that our aim is not to criticize previous theoretical approaches but rather to address that the traditional view of studying industrial energy efficiency and barriers may need to be reconsidered in order to meet the urgent need for efficient energy policies to be (re-) designed. After first presenting the theoretical baseline, we continue by addressing previous Swedish empirical work on the subject, and end by discussing the policy implications of how industrial energy efficiency might be addressed, using a combined engineering/social science approach.
Energy policy decision-making and barriers to energy efficiency
Energy policy decision-making is often based upon mainstream economic theory relying upon fundamental axioms such as perfect information, zero transaction costs etc. One categorization within mainstream economic theory is that between market failures/imperfections and market barriers as the former may justify public policy intervention if passing a cost-benefit analysis. Brown [11] [11] .
A number of market failures or market imperfections exist such as incomplete markets, imperfect competition, and information imperfections and asymmetries. Among these, the market failures imperfect information and asymmetric information are of interest when studying industrial energy end-use efficiency [4] . Asymmetric information may in turn be classified into split incentives, principal-agent relationship, and adverse selection [9] . In summary, barriers to energy efficiency which may be classified as market failures or market imperfections may lead to policy adoption, while so called market barriers, which may be classified as any barrier which accounts for the energy efficiency gap, may not promote policy adoption. The classification of barriers thus has strong implications in regard to if, how, and when, a policy is to be adopted.
Growing concern about global warming has led the EU to implement consumers [8] .
In this way, the EU is going a step further than traditional economic policies based on mainstream economic theory, as the Directive's aim is both to eliminate market imperfection and eliminate market barriers [8] [8] .
One criticism of energy policies and programs is that technological advances and rising energy prices will cause energy efficiency measures to be implemented in any case, even without government intervention [12] . Yet another argument is that factors opposing the implementation of energy-efficient technologies do not represent market failure or market imperfection barriers but simply market barriers [13] . These arguments are related to mainstream economic policy, which relies greatly on the market and market restructuring in seeking to improve energy efficiency [9] . This means that, for public intervention to be implemented, the factors inhibiting the adoption of energy efficiency technologies must be categorized as market failures or market imperfections, of which there are four broad types: incomplete markets, imperfect competition, imperfect information, and information asymmetry. One criticism of this barrier approach is that it leads to reductionism in research. If a science, technology, and society (STS) approach is instead applied, the energy efficiency gap may be better understood in a social and institutional context. represented, for example, by Schleich and Gruber [16] , of barriers to energy efficiency. Barrier models describe the non-implementation of cost-effective energy efficiency investments and specify three pertinent features of the nonimplementation: the objective obstacle, the subject hindered, and the action hindered [14] . The methodological questions to ask when formulating a barrier model are: What is the obstacle, whom does it affect, and what aspect of energy conservation does it affect? [14] . Barriers to energy efficiency may be divided into three broad categories, namely, economic, organizational, and behavioral barriers (see Table 1 ).
European industrial energy efficiency in a social
[ Table 1 ]
Commonly cited barriers to energy efficiency include various information imperfections and asymmetries (e.g., split incentives), principal-agent relationships, and adverse selection. These barriers may be classified as market failure barriers, while other barriers, such as heterogeneity, risk, lack of access to capital, and hidden costs, may be seen as rational barriers and are not classified as market failure barriers. However, there is considerable dispute regarding the perception of barriers. While some researchers claim that most barriers are solely reflections of -normal‖ markets, others claim this is not so [13] . The research tradition in which industrial barriers are discussed and the concept developed has been problematized by Shove: Technical regimes are broaden down to socio-technical regimes by including institutional and market aspects needed to make the technical regime work. A socio-technical regime is characterized by the set of rules that guide technical design, as well as rules that shape market development such as user preferences and rules for regulating these markets [22] . The use of socio-technical regimes also implies the existence of different regimes and that it exist connection and mutual dependency between them. In a company different social groups can be distinguished with their own special features. Actors within these groups share aims, values, problem agendas, professional journals etc. But rules are not just linked within regimes but also between regimes, and regimes influence each other and that is why socio-technical regimes are a better concept to explain this [23] .
According to such a perspective, energy efficiency thus also depends on social relationships and discussion, negotiations, and agreements developed in actor networks. One outcome of this perspective is that energy-saving measures in one socio-cultural domain may be useless in another (see e.g [7] ).
Experiences, routines, and habits established and negotiated in a particular network will then determine what energy efficiency measures will be implemented. These negotiated agreements can thus serve as both possibilities and constraints.
Focusing on social negotiations and agreements helps explain why energy efficiency technologies are rejected or adopted in different sectors. It also directs attention to the fact that technology diffusion too is social in character and to the idea that differentiating between technical and non-technical barriers is an analytical construct that could lead to important aspects being overlooked or at least oversimplified in analysis. The barrier approach could benefit from, for example, in-depth studies of what energy efficiency discourse is like in a company, i.e., how employees talk about energy efficiency and how the discourse relates to environmental issues and cost allocations in regard to energy efficiency measures. Below we will discuss how identified barriers could then be problematized in relation to the social context, enabling a deepened understanding that could in turn lead to new ways to overcome specific barriers.
Barriers identified in earlier studies of Swedish SMEs
Several studies have empirically examined barriers to energy efficiency, for example, Gruber and Brand [24] , Sorrell et al. [4] , Brown [11] , de Groot et al.
[25], Schleich [26] , Schleich and Gruber [27] , and Sardianou [28] . An overview of empirical barriers to energy efficiency identified by Swedish studies is presented in Table 2 [29-31].
[ Table 2 ] Table 2 shows the greatest barriers to energy efficiency identified in the examined Swedish studies, which examined industries in Oskarshamn, Sweden, SMEs on the Swedish Highland, and Swedish foundries. Naturally, there are many similarities between these studies. For example, technical risks and lack of time are highly ranked in two of three studies; as a main interest is determining general patterns of barriers to be targeted by policy makers, these could be a focus. We would like to highlight the differences between the spotted barriers and discuss the explanations for them and their implications for policy making.
Notably, among the industries in Oskarshamn the risk of production disruption was considered the greatest barrier to implementing energy-efficient technologies, while this was ranked fourth by the studied Highland SMEs.
Among the Highland SMEs, lack of time was deemed the greatest barrier, while the Oskarshamn industries ranked that barrier second and the Swedish foundries ranked it only eleventh. For the Swedish foundries, lack of capital was the largest barrier, while the Oskarshamn industries ranked this ninth and the Highland SMEs ranked it third.
Among the studied Swedish foundries, technical risks, such as potential production disruption, were ranked second, while these were ranked low, i.e., eleventh place, by the Highland SMEs. Other priorities were ranked second among the Highland SMEs and Oskarshamn industries, but ranked only fifth by the Swedish foundries. The difficulty and cost of obtaining information about the energy consumption of purchased equipment was considered the third greatest barrier among Oskarshamn industries, fourth for the foundries and seventh for the Highland SMEs.
Barriers in a socio-technical network perspective
Focusing barriers in industry in the perspective of the existence of competing social networks could throw new light on why energy efficient technology is not implemented, even if it can be both economically and technologically rational for the industry to do so. Decisions concerning how we use energy and energy efficiency measures are made in social contexts [32] .
As we saw above we can identify different barriers and also establish that Another way is to visaulize existing priorities in industry that lead to that obvious profitable measures are not implemented. In the following section, examples from three system levels, the company level, the industry level, and the energy policy decision-making level, are presented.
The company level
One example from a Swedish foundry showed how closed communities could be opened up using our approach, namely, requiring the inclusion of energy performance figures in the company's annual report [33] . By stating, for example, the extent of cost-effective potential measures available at a company in the annual report, as well as other relevant energy figures, the sometimes rather isolated company board would receive a figure capturing the company's energy efficiency potential, which may be seen as a type of restricted capital.
We need to start looking for these imbedded values and knowledge to be able to challenge these. A start for doing this is mapping these industrial regimes and find out existing knowledge on energy efficiency, what information that is dispersed, by whom and how it differ between companies and industrial sectors.
The industry level
On an industry level, introducing and building regimes and networks focusing on energy efficiency and how to reduce the energy efficiency gap could which has been shown to work out fine. This success story is now being spread, throughout this network, so that other foundries, when facing an opportunity to invest in the foundry cast cooling system, may consider this energy efficient solution. [34] .
The energy policy decision-making level
Notably, the EU, in the ESD from 2006, stated that the aim of the directive was to: …to remove existing market barriers and imperfections (market failures)
that impede the efficient end use of energy… [8] . This directive, in turn led to the implementation of a Swedish industrial energy program towards SMEs where the authorities took a wider approach also incorporating market barriers [35, 36] . In other words, the approach, previously held by the Swedish authorities, may be one explanatory variable to why Sweden have not had a national energy program towards industrial SMEs the past 20 years. When the EU through the ESD [8] , and later the Swedish authorities [35] instead took a wider approach, deviating from mainstream economic theory incorporating not solely market imperfections but also market barriers, to reducing energy use, an energy program for industrial SMEs was the outcome.
Social networks discussed in earlier studies
Previous studies have touched on existing social networks and their significance for energy efficiency when the focus has been on information dissemination and on what actors are cited by representatives of these industries as most important when they seek energy efficiency information (cf. Stern et al.
[37]). Here we discuss the empirical findings of Swedish studies regarding networks perceptions of various information sources. The company's networks are mainly consting of people within their own sector and the technological regime in foundries does not include actors from for example pulp and paper industry. If we look at the sources of information about energy efficiency that these regimes use, then we can see that collegues within the sector is highly ranked, see table 3.
[ Table 3 ]
Among the Oskarshamn industries and Swedish foundries, colleagues in the same company and sector were the most important informants, while for the Highland SMEs, the actor category most often mentioned was consultants.
Among Oskarshamn industries and Swedish foundries, consultants were ranked second and third most important, respectively. In general, oral information seems more important than written information and various networks such as colleagues are highly ranked sources of information.
When colleagues are used as a source of information, existing behaviors, perceptions, and norms concerning energy efficiency tend to prevail: most of the information circulating will likely be of a kind acceptable in the company and sector. From earlier research on socio-technical regimes we know that more innovative ideas and suggestions that challenge existing energy efficiency values and habits are more likely to be introduced from outside the dominate regime [38] . New technologies and new ideas have problems to break through because of established regimes that are deep-rooted. Path-breaking transitions are hard to achieve. One way for novelties to be used is when existing regimes are replaced, which does not however, occur that often. Another way is to contribute to changes in practices and routines of existing regime actors [21, 22] which can be done through for example, seminars and conferences. 
Concluding discussion
It should be noted that the applied STS-approach may or may not be a sufficient approach in dealing with these issues. However, is does provides a start, though not a basis, of a timing topic of aiming at achieving effective energy policy instruments beyond the traditional approach.
Problems of industrial energy efficiency are multifaceted, one obvious problem being that energy-efficient technologies do not diffuse satisfactorily. It is clear that, in theory, there is an -efficiency gap‖ between technical-economic potential for improved energy efficiency and what is implemented in practice.
Shove [17] states that if we acted as rational consumers the gap would not exist; the fact is it does exist, so it is time to approach this problem with new tools. In non-manufacturing firms, for example, if it is questioned whether the perceived risk of process interruption might be overestimated, this hindrance to improving energy efficiency could perhaps be avoided. Discussing the social construction of these barriers in social networks and regimes enables researchers to take industrial energy efficiency research a step further. Researchers may also facilitate and encourage the formation of networks across sectors and traditional professional boundaries.
It is important to approach barriers from a new perspective, using nontraditional analytical tools that can contribute new understandings or questions as to why a particular barrier is perceived as important in a company. Analyzing a company's culture and existing networks, that is, understanding the context in which energy efficiency goals and measures are discussed, is important in order to take industrial energy efficiency a step further.
In this paper, we have demonstrated that simply perceiving a barrier may itself serve as a barrier to implementing cost-effective energy efficiency measures in industry. One example is the argument that all barriers fit into the category of non-market-failure barriers, leading to the non-adoption of energy policies and programs. Here, the EU has taken a step forward by focusing not only on market failures and imperfections, but also on market barriers in its Energy End-Use Efficiency and Energy Services Directive, enabling the adoption of energy polices that were previously difficult to adopt. The perception of barriers, as outlined by social science researchers, should not be neglected and should be emphasized in future research into building a more energy-efficient economy. Table 1 Perspectives on barriers (based on [4] Table 2 Barriers identified in earlier studies of Swedish industry (based on [29] [30] [31] ). Table 3 Perceptions of various information sources among the studied industries (based on [29] [30] [31] 
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